We systematically investigate the bubble-induced performance degradation for underwater wireless optical communication (UOWC) with different bubble sizes and positions. By using different transmit and receive diversities, we investigate the effectiveness of transmit/receive diversity on the mitigation of the bubble-induced impairment to the UOWC link. With the help of a 2×2 MIMO using repetition coding (RC) and maximum ratio combining (MRC), a robust 780-Mbit/s UOWC transmission is achieved. The corresponding outage probability can be significantly reduced from 34.6% for the system without diversity to less than 1%.
Optical multiple input multiple output (MIMO) utilizing spatial multiplexing have been widely investigated to enhance the capacity of the VLC system [8] - [9] , as well as in indoor visible light communication (VLC) systems with line-of-sight (LOS) drawback [10] . In [11] , a precoding scheme is proposed under dynamic mobile receiver for an OFDM OWC system. An adaptive scheme is developed in [12] , which can increase the overall performance of the VLC system, but also enhance the robustness of the system with a blocking by an object within the transmission area. However, the effect of bubbles in UOWC system is beyond a simple blocking or constant attenuation effect. The difference is that the bubbles are distributed discretely and dynamically in different sizes and the light can be reflected and refracted by the moving bubbles. The contribution of this paper is a comprehensive study of the optical transmission impairment by various bubble effects and the investigation of the robustness UOWC link by transmit and receive diversity.
In this paper, firstly, we experimentally investigate the bubble-induced impairment for UOWC. The link performance in terms of BERs under different bubble size and relative location with respect to the transmitter are investigated and analyzed. Secondly, we investigate the effectiveness of the spatial diversity using MIMO technique to increase the link robustness. With the help of a 2×2 MIMO system using repetition coding (RC) and maximum ratio combining (MRC), a 780-Mbit/s UOWC system is demonstrated with a link outage probability less than 1%, significantly decreased from 34.6%, for an optical link affected by bubbles.
Spatial diversity has been widely used in radiofrequency (RF) wireless transmission by utilizing multiple spatially distributed antennas to mitigate the Rayleigh fading in wireless channel [13] . There are different formats according to different system configurations: single input multiple output (SIMO), multiple input single output (MISO) and MIMO. On the one hand, to exploit the transmit diversity (MISO case), different space-time coding approaches can be employed, including repetition coding (RC) and Almouti-coded space-time block coding [14] [15] [16] . Here, we choose a low-complexity and effective scheme, the RC scheme, which can provide constructive power enhancement for intensity modulated/ direct detection (IM/DD) system.
On the other hand, to exploit receive diversity (SIMO case), signals combination methods that include equal-gain combining (EGC), selective combining (SC), and maximum ratio combining (MRC) [17] are commonly used. The MRC is based on accurate channel state information at the receiver side, thus exhibiting the optimal signal-to-noise ratio (SNR) performance among the linear diversity combination approaches. It sums up the multiple received signals with optimal combining ratios that are proportional to the received signal strength, assuming the local noises are independent with equal power. The combined signal can be expressed as:
where N is the total number of receivers and hi is the channel coefficient of i-th link. ri is the received signal of ith receiver and it composes of the transmitted signal x and noise term ni. With MRC applied, the corresponding optimal SNR is given by: As the intensity of the generated signals is limited within 1 Vpp dynamic range, the drive strength of the signals is inadequate. Hence, two amplifiers are used to amplify the signals before injecting it into the transmitter-side light sources. The light sources used in the experiment are blue laser-diodes (LDs) (OSRAM PL450), with a center wavelength of 450 nm, within the open spectrum window for underwater transmission. Two bias-tees are used to combine a DC component and the amplified signals to drive the LDs. The amplification gain and the bias voltage are optimized at 9 dB and 5.4 V, respectively. Note that, the maximum power of the LDs is 80 mW in the experiment. A water tank of size 60 cm × 30 cm × 40 cm is used in the experiment for emulating the underwater channel. Bubbles are added in the channel by an air pump connected to different bubble dispensers for generating different size of bubbles. The total transmission link is short, ~80 cm, as the study is mainly focusing on the bubble effects and no lens is used.
At the receiver side, two PDs (Hamutuas S10784 with a cutoff frequency of 250 MHz) equipped with trans- In addition to the investigation of different spatial schemes, the transmission performance versus bubbles size and positions is also investigated experimentally. To study the effect of air bubble size, we use bubble dispenser with different hole size on it, while the flow rate of the air pump is fixed at 2 liters per minute (l/m) throughout the experiment. In this way, with the same total air volume used, different bubble clusters can be obtained. Three sizes of bubble are generated and investigated in this experiment, as shown in Fig. 3(b)-3(d) . As estimated from the captured photos, they are categorized as large-, medium-, and small-size bubbles, with an approximate average size of 15 mm 2 , 6 mm 2 , and 2 mm 2 , respectively. Meanwhile, we put the bubble tube at three different positions in the water tank to further investigate the system performance. The three positions are (i) near the transmitter (P1: 10cm), (ii) approximately in the middle of the transmitter and the receiver (P2: 40cm), and (iii) near the receiver (P3: 70 cm).
We first investigate the SNR and BER performance without bubble, which is to be used as a reference for further evaluation of the link performance. Four schemes 
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Bubbles are used for comparison, i.e. SISO (1×1), SIMO (1×2), MISO (2×1), and MIMO (2×2). The received optical power for the two receivers are -3.2 dBm and -2.8 dBm (with one LD), respectively, For the two-LD case, the received power are increased to -0.6 dBm and -0.4 dBm, repsectivley. Fig.  4 (a) shows the SNR of the four schemes. The power fading is due to the limited bandwidth of the PIN PD. When the optical spot at the receiver is much larger than the receiver area, no matter whether two LDs (21) or two PDs (12) are used, the received optical power will be nearly doubled when compared to the SISO case, resulting in an average 2.5-dB SNR improvement. Fig. 4 (b) and (c) Fig. 5 to illustrate the bubble-induced effect under different scenarios to capture the variations of BER due to the dynamic bubbles. For the SISO scheme, it is clear that the bubble may block the line-of-sight light path and cause severe performance degradation. As shown in Fig. 3(b)-3(c) , when the bubble size decreases, the number of bubble increases. When the bubble size is smaller, the blocking effect is less significant, which may give rise to partial light detection at the receiver. Therefore, as shown in Fig. 5(b) , 5(e), 5(h), BER distribution undergoes from less frequent but larger variation to more frequent but smaller variation. Compared with the bubble size, the position of bubbles results in more distinct performance. With the bubble position moving away from the transmitter, the number of packets suffering severe fading subsides and the BERs of other packets have a larger variance. This is due 
to the light reflection and scattering with the bubbles. Similar performance is observed for both MISO and SIMO schemes. By providing a diversity gain of two, the probability of deep fading decreases significantly compared with the SISO scheme. The MIMO case (the red cruve in Fig. 5 ), which further doubles the diversity gain, provides the most robust link as well as the lowest average BER. The performance is relatively constant with different bubble sizes at the same location. Next, we consider the effect of bubble location. The BERs show a decreased variance when the bubble location moves away from the transmitters. This also indicates a consistent trend that the complete blocking for each SISO link becomes less probable and scattered light increases the possibility of receiving partial signal. The green dash lines show the average BER of the packets that are below soft-decision forward error correction (SD-FEC) limit (2×10 -2 ), which remains relatively constant for all the cases.
We then analyze the probability density function (PDF) of the BERs of 500 packets, as shown in Fig. 6 . For all cases, the BER distribution spreads wider, compared with the cases without bubbles (Fig. 4(c) ). The SISO case shows the largest difference in PDF under various scenarios. For the small bubble case at position 3 (near receiver), the peak of the PDF distribution for SISO reduces significantly, indicating the BER has a wider spread. In general, by exploiting the spatial diversity, the distribution for almost all scenarios remains relatively constant, which further verifies the observation from Fig. 5 .
At last, we analyze the BER variance, packet loss rate (PLR) and the average BER of success received packets to further study the bubble-induced effect and to verify the diversity gain provided by different schemes. The BER variance in Table 1 further confirms the previous observation that the vairance is larger when bubbles are closer to the transmitter. The PLRs are given in Table 2 . Note that, for the loss packet number less than five, the PLR is denoted as <1%. For the SISO case, as the distance increases or the bubble size decreases, the PLR shows a rising trend, whereas for the SIMO and MISO cases, the PLR decreases. This is because the original performance of SISO is near the FEC limit and more frequent flcution in BER leads to more packets having BER above FEC limits. For MIMO scheme, the outage probability is <1% for all the scenarios. By providing multiple independent light paths in the UOWC link, MIMO scheme significantly reduces the BER fluctuation and increases the link robustness. The average BER is shown in Fig. 7 . The performance under small bubble case exhibits the worst BER. In summary, we experimentally investigate the performance under different bubble sizes and positions. The statistics of the PLR and BER through a UOWC Fig. 6 . The PDFs of the BER performance under scenarios with different bubble sizes, (a) large, (b) medium, and (c) small. channels with bubbles are analyzed. For SISO scheme, the results show that as the distance to the transmitter side increases or the bubble size decreases, the less possibility of deep fading occurs. Without considering the loss packet, the average BER remains similar. Moreover, via spatial diversity, including SIMO, MISO, and MIMO schemes, it significantly reduces the BER fluctuation and increases the link stability. A robust 780-Mbit/s 2×2 MIMO system is achieved under different scenarios of bubble size and position. Enhancement in both BER (reduced from 1.31×10 -2 to 1.42×10 -3 ) and link reliability (outage probability reduced from the worst case 34.6% to less than 1% for all cases) are achieved.
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